The activation of signalling pathways by ligand engagement with transmembrane receptors is responsible for determining many aspects of cellular function and fate. While these outcomes are initially determined by the nature of the ligand and its receptor, it is also essential that intracellular enzymes, adaptor proteins and transcription factors are correctly assembled to convey the intended response. In recent years, it has become evident that proteins that regulate the amplitude and duration of these signalling responses are also critical in determining the function and fate of cells. Of these, the Cbl family of E3 ubiquitin ligases and adaptor proteins has emerged as key negative regulators of signals from many types of cell-surface receptors. The array of receptors and downstream signalling proteins that are regulated by Cbl proteins is diverse; however, in most cases, the receptors have a common link in that they either possess a tyrosine kinase domain or they form associations with cytoplasmic PTKs (protein tyrosine kinases). Thus Cbl proteins become involved in signalling responses at a time when PTKs are first activated and therefore provide an initial line of defence to ensure that signalling responses proceed at the desired intensity and duration.
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DOMAIN STRUCTURE AND FUNCTION OF CBL PROTEINS
The mammalian Cbl family of proteins consists of three homologues known as c-Cbl, Cbl-b and Cbl-3 ( Figure 1 ). All three share highly conserved regions in their N-terminal halves which encompass their TKB (tyrosine-kinase-binding), linker and RING finger domains. In contrast, the C-terminal regions of these family members are less well conserved; however, they do share common roles with abilities to interact with a range of SH2-(Src homology 2) and SH3-domain-containing proteins. Importantly, each of the highly conserved TKB, linker and RING domains have key roles in enabling Cbl proteins to function as E3 ubiquitin ligases. The process of ubiquitylation involves multiple steps and requires at least three groups of proteins known as E1, E2 and E3 (reviewed in [1, 2] ). The E1 enzyme initiates the process by activating the 76-amino-acid ubiquitin protein through the formation of a thiol ester bond with its C-terminal glycine residue. An E2 or Ubc (ubiquitin-conjugating) enzyme then accepts ubiquitin from the E1, and, in the final step of the process, an E3 ubiquitin ligase catalyses the transfer of ubiquitin molecules from the E2 to the ε-amino group of a lysine residue of the substrate protein. As well as directing ubiquitin transfer, E3 ligases are also responsible for determining substrate specificity (reviewed in [1] ).
TKB domain
The foremost function of the TKB domain is to help determine Cbl's substrate specificity, which it does by engaging specific phosphorylated tyrosine residues on proteins that are to be ubiquitylated by Cbl. However, as will be described below, this role is not carried out exclusively by the TKB domain, since some substrates, such as Src family kinases, can be targeted by domains in the C-terminal region of Cbl proteins [3] .
The best-studied Cbl substrates targeted by the TKB domain are RTKs (receptor tyrosine kinases) and non-receptor PTKs (protein tyrosine kinases) of the Syk family. Interaction with the TKB domain is mediated by three distinct subdomains comprising a four-helix bundle, a calcium-binding EF hand and a variant SH2 domain, all three of which are functionally required to form a unique PTB (phosphotyrosine-binding) module [4] . The crystal structure of the TKB domain complexed with a phosphopeptide representing its binding site in the ZAP-70 (ζ -associated protein of 70 kDa) PTK shows that it binds in a manner similar to that of other SH2-phosphopeptide complexes [4] . The TKB domain is unique to Cbl proteins and is highly conserved in all species, thus a proposal to call this the Cbl homology (CH) region remains appropriate [5] . The discovery that the TKB domain determines Cbl substrate specificity by targeting activated RTKs was an important contribution in our understanding of the function of Cbl proteins. Indeed, analyses of a well-characterized loss-of-function mutation in the TKB domain [6, 7] revealed that the TKB domain is indispensable for Cbl to promote the ubiquitylation of activated RTKs [8] .
The TKB domain, however, does not appear to promote strong associations, and it is generally accepted that this is not the principal means by which Cbl is recruited to activated RTKs, Abbreviations used: APS, adaptor molecule containing pleckstrin homology and Src homology 2 domains; BLNK, B-cell linker; BMMC, bone-marrowderived mast cell; CIN85, Cbl-interacting protein of 85 kDa; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; DP, double positive; EGF, epidermal growth factor; FcεRI, high-affinity IgE receptor; GLUT4, glucose transporter 4; GRAIL, gene related to anergy in lymphocytes; HECT, homologous with E6AP C-terminus; hSpry2, human Sprouty 2; IL-2, interleukin 2; KPD, Komeda diabetes-prone; LAT, linker for activation of T-cells; MAIDS, murine AIDS; NFAT, nuclear factor of activated T-cells; PDGF, platelet-derived growth factor; PI3K, phosphoinositide 3-kinase; PKC, protein kinase C; PLC, phospholipase C; PTB, phosphotyrosine-binding; PTK, protein tyrosine kinase; RIP-gp, rat insulin promoter glycoprotein; RTK, receptor tyrosine kinase; SEM-5, sex muscle abnormal 5; SH, Src homology; SLAP, Src-like adaptor protein; Sli-1, suppressor of lineage defect-1; SLP-76, SH2 domain-containing leucocyte protein of 76 kDa; TCR, T-cell receptor; TKB, tyrosine-kinase-binding; UBA, ubiquitin-associated; Ubc, ubiquitin-conjugating; WASP, Wiskott-Aldrich syndrome protein; ZAP-70, ζ-associated protein of 70 kDa. 1 Correspondence may be addressed to either author (email Christine.Thien@uwa.edu.au or wlangdon@cyllene.uwa.edu.au). All Cbl proteins share a high level of sequence conservation between their TKB, linker (L) and RING finger (RF) domains. c-Cbl and Cbl-b have extensive proline-rich regions (black) in their C-terminal halves that mediate interactions with numerous SH3-domain-containing proteins. The TKB domain is composed of three interacting regions comprising a four-helix bundle (4H), a calcium-binding EF hand and a variant SH2 domain that is connected to the RING finger by a short linker domain. The PR domain in the C-terminus of c-Cbl and Cbl-b refers to a PX(P/A)XXR motif that binds SH3 domains of the CIN85/RUK (regulator of ubiquitous kinase)/CD2AP (C2-associated protein) family of proteins. The UBA domain at the C-terminus of c-Cbl, Cbl-b and D-Cbl(long) refers to a region with homology to UBA domains. Conserved tyrosine residues are shown in purple.
e.g. recruitment to the EGF (epidermal growth factor) receptor requires Cbl to associate with the Grb-2 adaptor protein and proline sequences in its C-terminal region ( Figure 2 ) [9] . Thus the crucial role of the TKB domain interaction with RTKs may primarily be to ensure the appropriate orientation of the receptor such that Cbl's E3 ligase activity can promote the transfer of ubiquitin ( Figure 2e ). Consistent with this, the large four-helix bundle of the TKB domain has been found to anchor the RING finger domain, and this may also help to orientate the E2 conjugating enzyme with respect to lysine residues of the substrate [10] . Dissociation of the TKB domain from its target, even when the adaptor-mediated association is retained, appears to be sufficient to terminate the ubiquitylation process. TKB domain interactions may therefore determine the number of ubiquitin molecules transferred to the substrate and thus regulate the extent to which activated RTKs are ubiquitylated. It will be of interest to determine if dephosphorylation of conserved tyrosine residues in the TKB domain is involved in this process, since a recent report demonstrated that glutamate point mutations of specific residues in the TKB and linker domains constitutively activate the E3 ligase activity of c-Cbl [11] . Thus the TKB domain appears to have at least two important roles in regulating E3 ligase activity, and, as such, it is functionally more complex than classical SH2 or PTB domains.
The recognition of specific sequences in proteins such as RTKs by the TKB domain has been studied extensively in recent years. A consensus recognition sequence [i.e. NXpY(S/T)XXP] was proposed based on sites within the EGF, LET-23, VEGF (vascular endothelial growth factor) and neurotrophin receptors as well as ZAP-70, Syk and Sprouty 2 [12] [13] [14] [15] [16] . Interestingly, a study investigating the TKB-domain-binding site in the Met receptor found no similarity to this consensus [16] . The Met receptor motif of DpYR is conserved within other Met family members Ron and Sea, as well as in Met orthologues in pufferfish.
In addition to PTKs, several adaptor and regulatory proteins have been identified as targets of the TKB domain. These include BLNK, a B-cell linker protein [17] , APS (adaptor molecule containing pleckstrin homology and SH2 domains), a protein phosphorylated in PDGF (platelet-derived growth factor) and insulinstimulated cells [18] , and Sprouty2, an inducible antagonist of Cbl E3 ligase activity [14] . A novel TKB phosphotyrosine recognition motif has also recently been determined near the C-terminus of APS at Tyr 618 which is highly conserved in two other members of this adaptor family, SH-B and Lnk [19] . Compared with conventional TKB sites, the APS motif extends from an arginine residue at position − 6 to a serine or threonine residue at position + 1, i.e. RA(V/I)XNQpY(S/T). The TKB-APS crystal structure reveals that three residues N-terminal to Tyr 618 (Arg  612 , Ala   613 and Asn 616 ) make specific contacts with residues in the four-helix bundle of the TKB domain [19] . Site-directed mutagenesis of any of these three residues was as equally disruptive to TKB domain interaction as a Y618F mutation, providing further evidence that the four-helix bundle, as well as the variant SH2 domain, makes an important contribution to phosphotyrosine sequence recognition. As Peschard et al. [16] point out, there is no precedent for a given PTB or SH2 domain to associate with unrelated 'consensus' binding sites. This raises interesting questions of why the Cbl TKB domain has this unusual versatility, and whether binding strengths differ among the array of target sites.
In contrast with the activation-dependent interactions described above, the TKB domain has been found to form a constitutive association with the SLAP (Src-like adaptor protein), which is involved in the down-regulation of activated antigen receptors on T-cells and thymocytes [20, 21] . Whether this interaction involves all regions of the TKB domain, and whether SLAP and Cbl proteins function synergistically to mediate antigen receptor down-regulation, are details that are yet to be determined.
An essential role for the TKB domain has also recently been described for c-Cbl binding to, and stabilization of, microtubules [22] . Importantly, mutation of the Cbl TKB-SH2 domain, which disrupts binding to phosphotyrosine, did not affect the ability of the TKB domain to bind microtubules. Thus the highly conserved TKB domain confers both PTB-dependent and -independent functions and highlights the need to investigate further the roles of the four-helix bundle and EF hand regions of the TKB domain.
Linker domain
The TKB domain also makes intramolecular contacts with the highly conserved linker α-helix that separates it from the RING Figure 2 Cbl-directed internalization, multi-ubiquitylation and degradation of activated RTKs, and modulation by Sprouty (a) Growth factor (GF) binding induces RTK tyrosine phosphorylation and the recruitment of Cbl to the activated receptor by adaptor proteins such as Grb2, which is required to support receptor endocytosis [144] . This allows the TKB domain to engage a specific phosphotyrosine on the RTK [e.g. pTyr 1045 on the EGF receptor (EGFR)]. Activation of Src kinases after GF binding induces the tyrosine phosphorylation of Cbl and other proteins, including Sprouty. The association of Sprouty with the RING finger domain initially inhibits Cbl's recruitment of Ubc enzymes (E2s), but tyrosine phosphorylation of Sprouty removes this inhibition by displacing it from the RING finger to now interact with the TKB domain (b). This allows the RING finger to recruit an E2 conjugating enzyme which promotes the polyubiquitylation of Sprouty (c) and its subsequent proteasomal degradation (d). The TKB domain is freed to target the receptor (pTyr 1045 of the EGF receptor) and the E3 ligase function of Cbl can then catalyse the transfer of a ubiquitin molecule from the RING-finger-bound E2 to the RTK (e). This process has been found to be sufficient to mediate receptor internalization. Continued addition of ubiquitin moieties leads to multi-ubiquitylation which marks the RTK for intracellular trafficking to the lysosome, where the receptor is degraded. Tyrosine phosphorylation of Cbl also enhances the recruitment of a CIN85-endophilin complex through a novel proline-arginine motif (shown as PR). This protein complex helps to promote receptor internalization by causing the membrane to invaginate. Cbl tyrosine phosphorylation also recruits SH2-domain-containing proteins, such as Crk and p85 (not shown), and this recruitment can enhance signalling responses from the receptor. For simplicity, the Grb2-Cbl interaction is not shown in (e), although it still contributes to maintaining Cbl's association with the receptor. Ub, ubiquitin.
domain, and these contacts are centred on conserved residues Tyr 368 and Tyr 371 in human c-Cbl [10] . A remarkable property of Tyr 371 is that replacement with phenylalanine abolishes c-Cbl's E3 ligase activity, while replacement with glutamate constitutively promotes its activity [11, 23] . The reason for these effects is not known, although structural studies predict that phosphorylation of Tyr 371 would result in significant changes to the orientation of the linker helix and therefore to the contacts made with the TKB and RING finger domains [10] . Interestingly, deletion or phenylalanine substitutions of Tyr 371 has the same effect as deletion or alanine substitution of cysteine residues in the RING finger domain in abolishing Cbl's E3 ligase activity; however, only the deletion of Tyr 371 (and Tyr 368 ) causes c-Cbl to become oncogenic [24, 25] . Thus the loss of c-Cbl E3 ligase activity is in itself insufficient to induce oncogenicity. Molecular modelling data predict that deletion of Tyr 368 or Tyr 371 would disrupt the highly conserved α-helix of the linker domain [10] , and it is likely that it is this structural alteration, in addition to loss of E3 activity, which is required to activate fully the oncogenic potential of Cbl proteins.
RING finger domain and protein ubiquitylation
The development of in vitro reconstituted ubiquitylation assays proved that the highly conserved Cbl RING finger has intrinsic E3 ligase activity and can independently recruit E2s for the transfer of ubiquitin to substrates (Figure 2 ) [23, [26] [27] [28] . The structural integrity of the RING finger domain is therefore an absolute requirement for Cbl proteins to function as E3 ligases. Furthermore, the structure of c-Cbl bound to the E2 enzyme The substrates targeted by Cbl proteins can either be multi-ubiquitylated, such as the EGF receptor following activation by ligand binding, or poly-ubiquitylated, as is the case for Sprouty proteins. The multi-ubiquitylated EGFR receptor is destined for lysosomal degradation, whereas Sprouty proteins are degraded in the 26 S proteasome. The mechanisms that enable Cbl proteins to direct both types of ubiquitylation remain to be determined. Ubiquitin linkages formed through Lys 48 of ubiquitin direct proteins for proteasomal degradation, whereas linkages through Lys 63 and Lys 29 result in differing substrate fates (reviewed in [29] ).
UbcH7 has been solved, identifying multiple contacts between c-Cbl's RING finger domain and UbcH7 [10] . These landmark studies resulted in the definition of Cbl proteins as RING-type E3 ubiquitin protein ligases that direct the ubiquitylation of activated RTKs.
There is now a rapidly growing appreciation of ubiquitylation as a means of regulating proteins by affecting their internalization, trafficking, enzymatic activity, protein associations and abundance (reviewed in [1] ). This versatility appears to be determined by the ability of E3 ligases to promote different types of protein ubiquitylation ( Figure 3 ; and reviewed in [29] ). Indeed, until recently, it was assumed that the striking ubiquitin smear associated with activated EGF and PDGF receptors in cells overexpressing c-Cbl or Cbl-b was due to Cbl-directed polyubiquitylation of the activated RTKs. However, while polyubiquitylation normally commits a protein to proteasomal degradation, it had been known for some time that EGF receptors are targeted to lysosomes for destruction. An important breakthrough came from the Yarden and Dikic groups who showed that c-Cbl directs monoubiquitylation on multiple sites of the EGF and PDGF receptors [30, 31] and that this marks the activated RTKs for internalization and trafficking to the lysosome where the receptors are degraded ( Figure 2 ; and reviewed in [32, 33] ). This ubiquitylation process presumably holds for the many other members of the RTK family that are also down-regulated by Cbl proteins. However, whether multiple mono-ubiquitylation is the outcome for all Cbl substrates is unknown, as their fates do differ to that of RTKs. For example, there are some Cbl substrates, in particular those that are not surface receptors or PTKs, whose protein levels are not affected by ubiquitylation. These include the p85 regulatory subunit of PI3K (phosphoinositide 3-kinase), Vav, CrkL and PLCγ -1 (phospholipase Cγ -1) [34, 35] .
The types of effects that ubiquitylation can have on the fate and function of proteins has recently been highlighted by an exciting proposal by Mosesson et al. [30] , where the authors present evidence that the EGF receptor kinase domain is the initial target for Cbl-mediated mono-ubiquitylation (see Figure 2 ). This socalled initiating or founder ubiquitin not only triggers EGF receptor internalization and sorting, but also could be envisaged to suppress kinase activity. If proved, this would be an effective way to terminate RTK signalling at an early point following ligand engagement, particularly when excessive ligand may produce strong signals that could be detrimental to the organism. Indeed, impaired deactivation of RTK signalling has been strongly implicated in tumorigenesis, and it is therefore of great interest that a number of RTKs become oncogenic through mutations or deletions encompassing their Cbl TKB-binding sites which render them no longer subject to ubiquitylation and down-regulation by Cbl (reviewed in [36, 37] ).
The c-Cbl RING finger domain is also involved in the regulation of EGF receptor fate by its interaction with the N-terminal region of human Sprouty2 (hSpry2) [38, 39] . Sprouty was originally identified in a genetic screen in Drosophila as an antagonist of FGF (fibroblast growth factor) and EGF signalling [40, 41] . Interestingly, it was subsequently found that hSpry2 binding to the RING finger domain inhibits Cbl's interaction with UbcH7 [42] , suggesting that Sprouty proteins can function to negatively regulate Cbl E3 ligase activity. This negative regulation is removed when hSpry2 is phosphorylated following EGF receptor activation, resulting in its displacement from the RING finger to the TKB domain where it is poly-ubiquitylated by c-Cbl and targeted for proteasomal degradation ( Figure 2 ) [14, 39, 43] . Thus the opposing roles played by c-Cbl and Sprouty in determining EGF receptor fate provides an additional level of regulation that can affect the diverse outcomes in response to growth factor stimulation. It will be of much interest to see whether our knowledge of the interplay between Cbl and Sprouty can be harnessed to downregulate constitutively active RTKs that promote tumorigenesis.
The inhibition of c-Cbl-directed degradation of the EGF receptor has also been shown to involve the Ras-related protein Cdc42 which, upon activation, sequesters c-Cbl and prevents its interaction with the receptor [44] . The association between c-Cbl and Cdc42 is indirect and requires the presence of p85Cool/b-Pix which functions as a linker between the two. The p85Cool/bPix interactions involve its SH3 domain binding to c-Cbl proline residues while it interacts with activated Cdc42 through its Rhoinsert region. It is hypothesized that the binding of activated Cdc42 to the p85Cool/b-Pix-c-Cbl complex sterically interferes with c-Cbl's binding to the EGF receptor. When Cdc42 undergoes GTP hydrolysis and is converted into its inactive state, it dissociates from p85Cool/b-Pix, and c-Cbl can then interact with the EGF receptor and mediate its down-regulation. In future studies, it will be important to determine whether there is a crosstalk or synergy between Cdc42-and Sprouty-mediated regulation of c-Cbl function, or whether the two mechanisms function independently. Alternatively, it is feasible that the relative involvement of each mechanism may depend on the strength of the stimulatory signal or the cell type.
In addition to the two mechanisms described above, c-Cbl function can itself be negatively regulated by ubiquitylation [45] , a process which is enhanced by activated Src [3, 46] . Thus, in Src-transformed cells, c-Cbl undergoes tyrosine phosphorylation which promotes its ubiquitylation and proteasomal degradation. A consequence of eliminating c-Cbl is reduced lysosomal destruction of the EGF receptor and increased recycling. This finding has been proposed to explain the link between Src activation and EGF receptor overexpression in tumour cells [46] . However, it is still not known how tyrosine phosphorylation can be modulated such that it promotes c-Cbl E3 ligase activity, yet can also direct its own ubiquitylation and degradation. Interestingly, a recent study showed that Cbl-3 was markedly more effective than either cCbl or Cbl-b in suppressing v-Src-induced transformation [28] . It will be informative to determine whether this effect on Src transformation, which is dependent on Cbl-3 ligase activity, is due to an inability of activated Src to promote the down-regulation of Cbl-3.
C-terminal Cbl sequences involved in SH2 and SH3 domain interactions
The sequence homology among Cbl proteins is less extensive C-terminal to the RING finger; however, with the exception of a short isoform found in Drosophila, they all have proline-rich regions that are involved in numerous SH3-domain interactions ( Figure 1 ). These contribute to at least 15 and 17 potential SH3-domain-binding sites in c-Cbl and Cbl-b respectively, while Cbl-3 encodes five potential SH3-binding sites within the 84-aminoacid sequence C-terminal to the RING finger. c-Cbl and Cbl-b share an abundance of very similar motifs, including a Grb-2 SH3 consensus binding site of PPVPPR, a polyproline sequence of PPPPPP(E/D)R, as well as an atypical PX(P/A)XXR motif that binds SH3 domains of the CIN85 (Cbl-interacting protein of 85 kDa)/RUK (regulator of ubiquitous kinase)/CD2AP (C2-associated protein) family of proteins. The latter motif promotes ligand induced internalization of the EGF and Met receptors by recruiting endophilin via CIN85 and is further evidence that c-Cbl and Cbl-b have additional means other than ubiquitylation to down-regulate activated RTKs (Figure 2 ) [47, 48] . Another key role that has been assigned to the proline-rich region in c-Cbl is its requirement for the ubiquitylation and proteasomal degradation of activated forms of Src [3] . Thus, in this case, the Cbl substrate is targeted by proline sequence interactions, rather than the TKB domain, although a TKB recognition site has been identified in the activation loop of Src at Tyr 416 and is involved in the suppression of Src kinase activity [49] .
c-Cbl and Cbl-b are prominent substrates of PTKs, and both are phosphorylated following the stimulation of a diverse array of cellsurface receptors. c-Cbl possesses 22 tyrosine residues, and Tyr 700 , Tyr 731 and Tyr 774 in the C-terminal region of human c-Cbl are the best-characterized phosphorylation sites. These residues are efficiently phosphorylated by Syk and the Src-family kinases Fyn, Yes and Lyn, but not by Lck or ZAP-70 [50] . Phosphorylation of Tyr 700 and Tyr 774 provides docking sites for the SH2 domain of Crk [51] , an adaptor protein that forms prominent associations with c-Cbl and C3G, a guanine exchange factor for the GTPase Rap-1.
In addition, phosphorylation of Tyr 700 mediates an interaction with the SH2 domain of Vav1, a guanine exchange factor for the Rho family GTPases Rac and Cdc42 [52] . Cbl-b also possesses tyrosine residues with flanking sequences very similar to Tyr 700 and Tyr 774 which are found at positions 709 and 665 respectively [53] . Thus c-Cbl and Cbl-b are substrates for the same spectrum of PTKs and can recruit identical SH2-domain-containing proteins. A notable exception to this is Tyr 731 which is unique to c-Cbl and does not share flanking sequence homology with either Tyr 700 or Tyr 774 . Rather the Y 731 EAM motif provides a docking site for the SH2 domains of the p85 regulatory subunit of PI3K, thus enabling c-Cbl to function as a positive regulator by recruiting PI3K to the cell membrane [54] [55] [56] [57] . The absence of this motif in Cbl-b highlights a potentially important divergence in the role and mode of action of these two highly similar regulatory proteins; however, this aspect has not been examined in depth with respect to growth factor or immune receptor signalling. That the adaptor binding properties of Cbl link them to proteins which provide a range of positive signalling functions is an interesting conundrum for a protein family that primarily functions to terminate activated signalling responses.
UBA (ubiquitin-associated) domain
c-Cbl and Cbl-b, but not Cbl-3 or Caenorhabditis elegans Cbl (known as Sli-1 for suppressor of lineage defect-1), have UBA domains at their C-terminal ends (Figure 1 ). UBA domains were originally identified as conserved motifs present in a range of proteins involved in ubiquitylation processes [58] . UBA domains have since been shown to interact with ubiquitin and ubiquitin-like domains of proteins such as Nedd8 (neuronal precursor of cellexpressed developmentally down-regulated gene 8). In addition, UBA domains can interact with each other, and this enables c-Cbl and Cbl-b to form homo-and hetero-dimers. Interestingly, the UBA domain of the DNA repair protein, Rad23, appears to inhibit polyubiquitin chain extension on substrate proteins [59] and, more recently, was shown to confer a stabilization signal that protects Rad23 from proteasomal degradation [60] . At present, the functional importance of the Cbl UBA domains are not known, since they are not required for the E3 ligase activity of either c-Cbl or Cbl-b [61] . Indeed the fact that Sli-1 does not possess a UBA domain supports this finding and provides an additional example of the evolution of Cbl proteins to undertake expanded functions in higher organisms. Notably, a recent study from the Lipkowitz laboratory showed that only the UBA domain from Cbl-b, and not c-Cbl, can interact with ubiquitin [61] . This is an intriguing finding, since it identifies an additional distinction between these two otherwise very similar proteins.
CBL PROTEIN FAMILY IN LOWER ORGANISMS
Cbl orthologues are present in C. elegans and Drosophila (Figure 1) , and these genes and their products have been well characterized in numerous studies (reviewed in [62] ). Indeed studies from the Sternberg laboratory first identified the C. elegans Cbl orthologue (Sli-1) as a negative regulator of RTK signalling [6, 63] , and it was this finding which directed mammalian studies to investigate the effects of Cbl proteins on regulating PTKs. The Sli-1 locus was originally defined by mutations that suppress partially defective forms of the LET-23 RTK, a C. elegans orthologue of the EGF receptor subfamily. Further analysis revealed that loss of Sli-1 function also suppresses a severe reduction-of-function allele of SEM-5 (sex muscle abnormal protein 5), an SH3-SH2-SH3 orthologue of mammalian Grb-2. In contrast, loss of Sli-1 function did not rescue loss-of-function LET-60 Ras mutations, suggesting that Sli-1/Cbl proteins function upstream of Ras. Thus the study of Sli-1 placed its activity at the level of the LET-23 receptor and its adaptor SEM-5 [6] , and this conclusion has subsequently been confirmed in many studies of mammalian cells.
Cbl genes have also been identified in many other organisms, including sea squirts, mosquitoes, amphibians, fish and birds, but there is no evidence for Cbl genes in single-cell organisms or plants [64] . Thus it is likely that Cbl arose with the evolution of PTKs, and it is significant that neither is found in yeast. Amphibians and fish encode c-Cbl and Cbl-b homologues that are very similar to their mammalian counterparts, but they do not possess a Cbl-3 gene. Indeed, the amino acid sequences and intron/ exon structure encompassing the TKB domain, linker and RING finger are almost identical between c-Cbl and Cbl-b from fish, mouse and humans, suggesting that they evolved by duplication from a common ancestor [64] . Thus, as multicellular organisms become more complex, Cbl proteins also evolved to expand their functional capabilities by increasing the spectrum of proteins with which they could associate. This added level of complexity of Cbl protein function has been investigated comprehensively in studies of the mammalian immune system (reviewed in [34, [65] [66] [67] ).
c-CBL AND CBL-B IN IMMUNITY: LESSONS FROM GENE KNOCKOUTS
The initial characterization of c-Cbl showed that it was ubiquitous, with the highest levels of expression detected in the thymus and testes [68] . Since the identification of c-Cbl as a prominent tyrosine kinase substrate in TCR-stimulated Jurkat T-cells [69, 70] , the role of Cbl proteins in T-cell signalling and function has been studied extensively. The importance of c-Cbl and Cbl-b in immunity and immune receptor signalling pathways has been demonstrated clearly by the phenotypes of the respective gene knockout mice. Consistent with a role for Cbl proteins as negative regulators, both c-Cbl −/− and Cbl-b −/− mice display hyperactive signalling downstream of the TCR (T-cell receptor). A characteristic feature of these mice is that loss of either Cbl protein lowers the activation threshold for signalling through the TCR. This not only results in hypersensitivity to low affinity/ avidity engagement of the TCR, but also leads to activation of downstream signalling pathways without the normal requirement for co-receptor stimulation [71] [72] [73] [74] [75] . Interestingly, however, the predominant c-Cbl −/− and Cbl-b −/− phenotypes appear to be restricted to thymocytes and T-cells respectively [71] [72] [73] [74] . This may reflect in part their relative tissue distribution, as c-Cbl is more highly expressed in the thymus compared with Cbl-b, while the reverse is true in peripheral T-cells [76] . In contrast, Cbl-3 is expressed primarily in epithelial cells of the gastrointestinal system, and loss of this protein does not promote an obvious immune phenotype [77] .
Regulation of TCR signalling in Cbl
−/− mice In c-Cbl −/− mice, enhanced signalling is observed in CD4 + CD8 + DP (double positive) thymocytes which show increased protein tyrosine phosphorylation that is in part a consequence of markedly elevated levels of the CD3, TCR and CD4 receptors, and of the Src family kinases, Lck and Fyn (Figures 4 and 5a) [71, 72, 78, 79] . This is consistent with c-Cbl's role as an E3 ligase, and, indeed, similar increases are seen in a knockin mutant mouse carrying an inactivating mutation (C379A) in the c-Cbl RING finger domain (C. B. F. Thien and W. Y. Langdon, unpublished work), demonstrating that RING finger function is required for c-Cbl's ability to regulate levels of these proteins in vivo. The mechanism respon- sible for the high levels of CD3 and TCR on DP thymocytes from c-Cbl −/− and C379A RING finger mutant mice has not been determined fully; however, there does not appear to be a block in ligand-induced internalization (W. Y. Langdon and C. B. F. Thien, unpublished work). Whether enhanced receptor recycling in the DP thymocytes from c-Cbl mutant mice is responsible for the high levels of surface TCR and CD3 has yet to be investigated. Furthermore, loss of c-Cbl's E3 ligase activity towards the ζ -chain of the TCR could also have an effect on levels of the TCR complex, since transgenic overexpression of TCRζ increases total TCR surface expression [80, 81] .
In contrast with the c-Cbl −/− mouse, the Cbl-b −/− mouse does not exhibit a thymic phenotype, and there are no increases in levels of cell-surface receptors or intracellular PTKs (Figure 4a) . As a consequence, the PTK signal is not enhanced following CD3 and CD4 engagement (Figure 4b) [73, 74] . However, peripheral T-cells from Cbl-b −/− mice exhibit a hyperproliferative phenotype that is uncoupled from a requirement for CD28 co-stimulation. Thus, in Cbl-b −/− T-cells, CD3 stimulation alone is sufficient to induce receptor clustering, raft aggregation, T-cell proliferation and IL-2 (interleukin-2) production at levels comparable with that seen by CD3 + CD28 co-stimulation of wild-type cells [73, 74] . Phosphorylation of proteins such as Vav1 is also sustained, and deregulation of the Vav/WASP (Wiskott-Aldrich syndrome protein) pathway in the absence of Cbl-b leads to enhanced formation of the immunological synapse and increased signalling. However, Cbl-b seems to selectively regulate the functions of Vav1, as loss of Cbl-b in the Vav1 −/− mouse does not compensate for all CD28-Vav-mediated functions, such as IL-2 production [75, 82] .
Role of Cbl-b in T-cell anergy and autoimmunity
The tight regulation of immune responses and the prevention of autoimmunity are dependent on a number of checkpoint mechanisms that are employed by the organism. These include the deletion of autoreactive T-cells in the thymus (negative selection), control of peripheral T-cell activation by regulatory T-cells and the induction of anergy [83] . Autoreactive T-cells which escape deletion in the thymus undergo clonal expansion upon interaction with self-antigens in the periphery, but this 'tolerizing' signal normally renders them inactive or unresponsive to further stimulation, thereby preventing autoimmunity. Anergy is the mechanism of immunotolerance where the T-cell is maintained in a hypo-or un-responsive state following initial antigen challenge.
Defects in any of these regulatory processes can have devastating consequences for the organism as the failure to properly induce tolerance can lead to the development or enhanced susceptibility to autoimmune diseases.
Cbl-b regulates autoimmunity
Studies of Cbl-b mutant mice and rats have clearly demonstrated a critical role for Cbl-b in regulating the development of autoimmune diseases. Cbl-b −/− mice are highly susceptible to the development of experimentally and spontaneously induced autoimmune diseases such as arthritis and diabetes [35, [73] [74] [75] [76] 84 ]. An example of this is a recent study which showed that all Cbl-b −/− mice, but no wild-type mice, succumbed to late-onset arthritis in a non-adjuvant immunization protocol, indicating greatly exacerbated autoimmune responses in the absence of Cblb [35] . Indeed, repeated antigen challenge results in death due to the massive induction of cytokines causing multiple organ failure. In another study, Gronski et al. [84] showed that ablation of Cbl-b increased the incidence of diabetes in the RIP-gp (rat insulin promoter glycoprotein) transgenic mouse model to 100 %, compared with only 50 % of wild-type mice, when the mice were challenged with a low-affinity ligand. This study was an elegant demonstration of how Cbl-b negatively regulates the progression to diabetes by governing the intensity of TCR responsiveness to different affinity ligands.
Cbl-b has also been identified as a major susceptibility gene for insulin-dependent (Type I) diabetes in the KPD (Komeda diabetes-prone) rat [85] , and a single nucleotide polymorphism in exon 12 was shown recently to be significantly associated with Type I diabetes [86] . The same study also noted genetic interaction between Cbl-b and CTLA-4 (cytotoxic T-lymphocyte-associated protein 4), a negative regulator of CD28 signalling, in Type I diabetes susceptibility. Interestingly Cbl-b's involvement in the development of Type I diabetes does not involve a perturbation to the translocation of the GLUT4 glucose transporters [87, 88] , as would be predicted from studies demonstrating a positive role for Cbl in GLUT4 translocation [89] . Therefore the likely cause of diabetes in the KPD rat and RIP-gp mouse models is through the development of autoimmunity. Indeed, both models show lymphocyte infiltration into pancreatic islets and other tissues such as the thyroid gland [84, 85] . Interestingly, the Cbl-b mutation found in the KPD rat results in the expression of a Cterminally truncated protein that only retains the TKB, linker and RING finger domains. This finding is a clear demonstration that sequences downstream of the RING finger are of great importance for Cbl's regulation of immune receptor signalling.
Cbl-b and anergy
Effective T-cell activation, and subsequent IL-2 production, normally requires engagement of both the TCR and the co-stimulatory molecule CD28 on the naïve T-cell with the antigenpresenting cell. In contrast, stimulation of the TCR alone promotes an anergic response and induces tolerance. Loss of Cbl-b was found to remove the dependence on CD28 for T-cell activation [74] . This, and the increased susceptibility of Cbl-b mutant mice to autoimmunity, naturally led to studies investigating the role of Cbl-b in the development and maintenance of T-cell anergy.
Cbl-b
−/− mice demonstrate marked resistance to anergy induction or tolerizing signals mediated through engagement of the TCR alone, and their peripheral T-cells remain highly responsive to CD3 + CD28 restimulation after anergizing treatment [35] .
Interestingly, Wohlfert et al. [90] demonstrated that it is the effector T-cells which are functionally altered in Cbl-b −/− mice, whereas the regulatory T-cells are not affected. This was an important finding, as the ability of CD4 + CD25 + regulatory T-cells to suppress the activation of effector cells plays a role in the prevention of autoimmunity in vivo [91] [92] [93] [94] . Intriguingly, exposure to stronger activating signals, such as would exist in the Cbl-b −/− mouse, correlates with decreased suppressive activity by regulatory T-cells, as well as reduced suppressibility of effector T-cells [95] . Consistent with this, the activation and proliferation of Cbl-b −/− CD4 + CD25 − effector T-cells were found to be resistant to suppression by CD4 + CD25 + regulatory T-cells and their downstream mediator TGF-β (transforming growth factor β) [90] . Importantly, however, this abnormality was specific for effector cells, as Cbl-b −/− regulatory T-cells did not differ from wildtype cells in functional in vitro assays.
While the studies described above provide some links as to how hyperactive T-cell signalling could lead to impaired peripheral tolerance, the biochemical mechanisms underlying this and the development of anergy and autoimmunity in Cbl-b −/− mice are not fully understood and still require further examination. However, it is thought that E3 ubiquitin ligases such as Cbl-b, GRAIL (gene related to anergy in lymphocytes) and Itch/Nedd4 affect T-cell activation thresholds by regulating the ubiquitylation and degradation of downstream effectors of T-cell tolerance/anergy (reviewed in [34, 67] ). In particular, targets such as the transcription factors NF-κB (nuclear factor κB) and NFAT (nuclear factor of activated T-cells) are known to control the expression of genes that are responsible for maintaining the anergic state, while ubiquitylation of PKC (protein kinase C) θ and PLC-γ 1 by Cbl-b and Itch is thought to contribute to the early disintegration of the immunological synapse, thereby preventing further signalling [35, 96] . In addition, the ubiquitylation of PLC-γ 1 by Cbl-b has a profound effect on suppressing the tyrosine phosphorylation of PLC-γ , which in turn leads to a marked reduction in calcium mobilization [35] . Thus Cbl-b E3 ligase activity sets a threshold for TCR-induced calcium responses that are central for determining the anergic or responsive state of T-cells. Interestingly, the HECT (homologous with E6AP C-terminus)-type E3 ligases, Itch and Nedd4, can also target Cbl-b for ubiquitylation and degradation [45] , suggesting that maintenance of Cbl-b levels is finely balanced in the regulation of anergy. Indeed, this was shown recently to be the case where Cbl-b levels were found to be up-regulated in T-cells after tolerizing conditions [35] .
Role of Rap and Cbl proteins in T-cell signalling
A role for Cbl proteins in immunotolerance had previously been postulated when it was found that c-Cbl is hyperphosphorylated in anergic T-cells [97] . Both c-Cbl and Cbl-b possess tyrosine phosphorylation sites which can recruit Crk proteins [51, 98] , and it was suggested that increased Fyn activation and c-Cbl-CrkL formation contributes to the anergic state as anergized T-cells show increased Rap1 activation [97] . However, contrary to this study, which suggested a positive role for c-Cbl in regulating Rap1 activation, recent work from the Liu group examining c-Cbl-and Cbl-b-deficient mice suggest that Cbl proteins act to negatively regulate CrkL-mediated Rap1 activation [99, 100] . They suggest that the absence of CrkL ubiquitylation by c-Cbl promotes increased membrane translocation of C3G, through its enhanced association with CrkL, and that this results in elevated guaninenucleotide-exchange activity of C3G for Rap1. Consistent with the c-Cbl −/− thymocyte phenotype, expression of a T-cell-specific activated form of Rap1 has been shown to promote positive selection [101] . Similarly, Cbl-b also exerts the same effect on CrkL/ C3G association and Rap1 activation in peripheral T-cells [100] . In both cases, CrkL localization and protein association, rather than its stability, are affected. Importantly, the effect was specific for C3G, as Cbl-b ubiquitylation of CrkL did not alter its association with ZAP-70 [100] . Whether these findings also reflect the compartmentalized functioning of c-Cbl and Cbl-b is not known, as corresponding analyses were not performed with c-Cbl
T-cells and Cbl-b
−/− thymocytes. The reason for the discrepancy with earlier studies that showed a positive regulatory role for Cbl was not addressed, although it has been suggested that changes in Rap1 localization could be involved [67] . It is not clear then how to reconcile the role of Rap1 in T-cell anergy, nonetheless these studies demonstrate that Cbl proteins are prominent negative regulators of Rap1 and that this is important for integrin-mediated adhesion in thymocytes and T-cells [99, 100] . Indeed, enhanced integrin affinity could contribute to stabilizing the formation of the immunological synapse and promote sustained TCR signalling in Cbl-b −/− T-cells [102] .
Enhanced TCR signalling in thymocytes from c-Cbl mutant mice
While Cbl-b appears to be critical for peripheral T-cell responses, it is c-Cbl which modulates signalling in thymocytes. c-Cbl
thymocytes exhibit greatly increased protein tyrosine phosphorylation and signalling downstream of the TCR, and the requirement for CD4 co-stimulation is greatly reduced [71, 78] . This is exemplified by the PTKs Lck and ZAP-70, which can be activated fully by CD3 stimulation alone in the c-Cbl −/− , whereas wildtype thymocytes require the engagement of both CD3 and CD4 [71, 78] . The down-regulation of ZAP-70 was also affected, resulting in prolonged activity as measured by phosphorylation of substrates LAT (linker for activation of T-cells) and SLP-76 (SH2-domain-containing leucocyte protein of 76 kDa) [71, 78] . In vitro studies identifying the negative regulatory site Tyr 292 of ZAP-70 as a binding site for the TKB domain of c-Cbl [4, 12, 103, 104] suggested that this could be the mechanism underlying ZAP-70 hyperactivation in c-Cbl −/− thymocytes. However, a c-Cbl-(G304E) knockin mouse carrying a loss-of-function mutation in its TKB domain did not show similar deregulation of ZAP-70 activity, neither were levels of CD3, TCR, Fyn and Lck affected [79] . The TKB domain therefore is not involved in the negative regulation of these proteins in vivo. Indeed, the finding that many of the phenotypic changes seen in the c-Cbl −/− mouse are recapitulated in the C379A, but not the G304E, knockin mouse indicates that the RING finger, rather than the TKB, domain is central to many of c-Cbl's functions in thymocytes ( [79] ; and C. B. F. Thien and W. Y. Langdon, unpublished work).
Unlike the Src PTKs, ZAP-70 protein levels are not altered in the c-Cbl −/− mouse [78] . The finding by Mosesson et al. [30] that the initial ubiquitylation mediated by c-Cbl targeted residues within the EGF receptor kinase domain raised the intriguing possibility that this modification could regulate protein kinase activity directly. However, while ZAP-70 can mediate c-Cbl's association with, and ubiquitylation of, the TCRζ chain in vitro [80] , to date, there is little evidence that ZAP-70 is a substrate for c-Cbl-mediated ubiquitylation and/or degradation. Indeed, analysis of the C379A knockin mouse shows that loss of the c-Cbl RING function also does not appear to regulate ZAP-70 activity directly (W. Y. Langdon and C. B. F. Thien, unpublished work). It remains to be determined whether other c-Cbl domains, such as proline sequences that interact with the ZAP-70 regulator Sts-2 [105] [106] [107] , are involved. Thus the mode of c-Cbl's effect on ZAP-70 in vivo is yet to be resolved; however, the data from the c-Cbl
mouse does indicate that c-Cbl is able to regulate ZAP-70 activity by mechanisms other than by affecting protein levels.
Thymocyte development and selection
The strength and kinetics of responses downstream of the TCR are key factors determining whether thymocytes survive, or are actively deleted, by positive and negative selection respectively [108] [109] [110] . The amplitude and duration of these signalling responses are determined initially by the affinity of the TCR for antigen-MHC complexes and the total number of receptor interactions. It is therefore surprising, in light of the markedly enhanced TCR signal leading to the activation of ZAP-70, that c-Cbl −/− thymi develop with apparent normality, as judged by criteria such as size and developmental progression. However, experiments with MHC II-restricted TCR transgenic mice showed that positive selection of CD4 + thymocytes is enhanced in the absence of c-Cbl, i.e. a TCR-directed signal that would normally be too weak for positive selection is amplified without c-Cblmediated attenuation [72] . A similar effect was also observed in SLAP −/− mice which show increased surface TCR and CD3 expression, and up-regulation of CD5 and CD69 activation markers [21] . Thus the c-Cbl knockout suggests that c-Cbl acts at a later stage of thymocyte maturation by modulating thresholds of TCR signalling leading to MHC II-restricted positive selection [72] . However, c-Cbl deficiency can also partly rescue thymic development in SLP-76 −/− or LAT −/− mice, although this process is still TCR-dependent, as no rescue is observed on a RAG-2 −/− (recombination activating gene 2) background [111] . This provides evidence for a SLP-76-and LAT-independent pathway for T-cell development that is normally negatively regulated by c-Cbl. A role for c-Cbl in pre-TCR signalling has also been suggested by the finding that c-Cbl is required for pre-TCRα allelic exclusion [81] . Thus c-Cbl can regulate different stages of T-cell development, maturation and selection processes.
Localization of Cbl proteins
It is intriguing that a number of reports suggest that the extent to which immunological activation clusters are formed and sustained may determine or reflect positive and negative selection of thymocytes [112, 113] . Interestingly, a recent study showed by multicolour confocal microscopy that Cbl-b co-localizes with CD3 and a number of tyrosine-phosphorylated and ubiquitylated proteins in immunological synapses formed after TCR triggering [114] . This suggests that recruitment of Cbl-b's E3 ligase activity may be critical to early signalling processes from the TCR.
c-Cbl has also been shown to localize to immunological synapses in T-cells [115] . Within these immunological synapses, however, c-Cbl appears to reside in the non-lipid raft/detergentsoluble fractions [116, 117] . Lipid rafts are cholesterol-and glycosphingolipid-enriched membrane microdomains that are important in regulating the initiation and duration of TCR signalling through their ability to spatially organize and concentrate components of the immune receptor signalling complex, including immunoreceptors, palmitoylated Src family kinases and transmembrane adaptor proteins such as LAT, while excluding negative regulators such as CD45 (reviewed in [118] ). In contrast with a study by Hawash et al. [116] , a study by Xavier et al. [119] reported finding c-Cbl in rafts in T-cells; however, the reason for this discrepancy is not known, as similar fractionation methods were used by the two groups. Importantly, by analysis of immortalized c-Cbl −/− T-cells and Jurkat T-cells overexpressing cCbl, Hawash et al. [116] demonstrate that c-Cbl can sequester Lck from rafts, which would represent an additional mechanism of negative regulation. Similarly, it has been suggested that Cblb's negative regulation of p85 recruitment to CD28 may involve Cbl-b binding to, and thus retention of, p85 away from lipid rafts [120] . Differences in raft composition have been noted between immature and mature T-and B-cells, naïve and effector T-cells, and even between Th 1 and Th 2 T-cell subsets, where the same molecule can show different raft residence properties (reviewed in [118] ). Thus it is possible that, while c-Cbl is recruited to lipid rafts after IgE triggering of FcεRIs (high-affinity IgE receptors) in mast cells [121] and in insulin-stimulated adipocytes [122] , it may be completely or partially excluded in T-cells/thymocytes. However, further examination of Cbl protein localization is needed, particularly in thymocytes, as the ability to aggregate lipid rafts and cluster signalling proteins at the site of TCR activation appears to differ between thymocytes and T-cells [123] . Indeed, lipid rafts form inefficiently in thymocytes and may not play as important a role in TCR signalling as in mature cells.
c-Cbl and Cbl-b: differences in function and regulation
The molecular mechanisms by which c-Cbl and Cbl-b control thymocyte and T-cell activation and signalling are yet to be fully elucidated. Nevertheless, from these analyses, it is clear that both c-Cbl and Cbl-b primarily function to achieve the same goal by regulating the activation thresholds of signalling pathways downstream of immune receptors. In so doing, the action of Cbl proteins can be envisaged as a 'fine-tuning' mechanism or 'rheostat' that governs the strength of the ensuing response and the development of a functional T-cell repertoire. Indeed, the fact that c-Cbl and Cbl-b deficient mice are viable and fertile but that the loss of both is embryonic lethal before E10.5 (embryonic day 10.5), suggests that they have important overlapping functions [76] , as might be expected from two such homologous proteins. Analysis of Cblb −/− mice in which c-Cbl has also been deleted in a T-cell-specific fashion demonstrate that both proteins contribute to the regulation of receptor levels and PTK-dependent signalling in thymocytes and peripheral T-cells [76] . The T-cell-restricted double Cbl knockout also exhibited other phenotypic characteristics of both the individual knockouts, including splenomegaly, enhanced extramedullary haemopoiesis and susceptibility to autoimmunity. This raises the question: is the reason then for the differing T-cell phenotype of c-Cbl −/− compared with Cbl-b −/− mice simply a reflection of their primary tissue distribution, or are there real functional differences between the two proteins? In addition, are these phenotypes due primarily to loss of E3 ubiquitin ligase activity or do they reflect other functional responsibilities of Cbl proteins?
In vitro, c-Cbl and Cbl-b appear to have equal capacity to act as E3 ubiquitin ligases towards a similar range of substrates. However, while the E3 ligase activity is critical for many Cbl functions, this appears to have differing consequences for c-Cbl compared with Cbl-b substrates. Indeed, unlike c-Cbl, ubiquitylation by Cbl-b does not often result in degradation of the substrate protein. Loss of Cbl-b does not alter expression levels of signalling molecules such as Vav or p85, known ubiquitylation substrates of Cbl-b (Figure 5b ). Other signalling molecules or cell-surface receptors also show no change in protein levels in the absence of Cbl-b (Figure 4a ) [75] . Rather, Cbl-b mediated ubiquitylation appears to affect protein localization and associations. For example, ubiquitylation of p85 by Cbl-b inhibits its association with CD28, an effect that is dependent on both the RING finger and p85 SH3 domains [124] . Thus Cbl-b's negative regulation of Vav phosphorylation and T-cell activation is thought to be mediated by its ability to alter recruitment of p85 to both the TCR (via TCRζ ) and CD28 in a RING-finger-dependent manner. These studies were the first to reveal a proteolysis-independent function of the Cbl-b E3 ubiquitin ligase.
Liu and Gu [125] suggest that different T-cell phenotypes of cCbl and Cbl-b mice is in part due to differential targeting of substrates for ubiquitylation in vivo. This is a difficult hypothesis to test in primary mouse tissues, and it is still likely that the phenotypic differences between the two knockouts are partly due to variable expression levels in the thymus and peripheral T-cells. Indeed, by using quantitative reverse transcription-PCR, we have estimated an 8-fold higher expression level of c-Cbl mRNA in the thymus compared with Cbl-b (C. B. F. Thien and W. Y. Langdon, unpublished work). However, as noted already, the UBA domains of c-Cbl and Cbl-b do show different capabilities for dimerizing with other protein partners [61] , so it is tempting to speculate that alternative modes of protein interaction could underlie some of the phenotypic differences between the two knockout mice. For example, c-Cbl's association with p85 is inducible and is largely dependent on the phosphorylation of Tyr 731 (Tyr 737 in mouse c-Cbl) and its recognition by the SH2 domains of p85 [54, 55, 57] . This tyrosine motif is absent in Cbl-b, and it is the C-terminal proline sequences that mediate its constitutive interaction with, and subsequent ubiquitylation of, the p85 subunit of PI3K [126] . The role of tyrosine phosphorylation in differential c-Cbl and Cbl-b function is an aspect that has not been studied extensively to date. However, this is particularly relevant as cCbl is such a prominent phosphotyrosine substrate, while Cbl-b shows negligible tyrosine phosphorylation upon TCR triggering (Figure 4b) [71, 73] . Furthermore, tyrosine phosphorylation can modulate the E3 ligase activity of c-Cbl [11, 23] , so it will be interesting to determine whether Cbl-b E3 activity is similarly regulated. The lymphocyte-specific protein tyrosine phosphatase, Lyp, has been shown to constitutively associate with c-Cbl in thymocytes and T-cells, and its overexpression in Cos-7 cells reduces c-Cbl tyrosine phosphorylation [127] . However, additional studies are needed to investigate the role of Lyp in regulating c-Cbl tyrosine phosphorylation in vivo.
A number of studies have also revealed opposing effects of these highly similar proteins in other haemopoietic cells. For example, c-Cbl and Cbl-b have different roles in regulating mast cell responses, although their relative expression levels have not been determined. Loss of Cbl-b results in greatly increased FcεRI-induced protein tyrosine phosphorylation, particularly of Syk and PLCγ 2, leading to increased Ca 2+ flux, and histamine release in BMMCs (bone-marrow-derived mast cells) [128] , and these effects appear to be dependent on the Cbl-b RING finger [129] . In contrast, c-Cbl deficiency does not greatly affect mast cell responses [128] , despite in vitro studies showing that it can also be recruited and co-localized with FcεRIs in lipid rafts, and that it can target Syk for ubiquitylation [121, 130, 131] .
Likewise, in B-cells, c-Cbl and Cbl-b have been found to show different functions, although, as with BMMCs, their relative expression levels have not been determined. c-Cbl inhibits PLCγ 2 activation by blocking BLNK-PLCγ 2 interaction [17] , whereas loss of Cbl-b has no effect on this interaction. Rather Cbl-b appears to promote Btk-BLNK association and positively regulate Btkmediated activation of PLCγ 2 [132] . Thus there is not only the dichotomy of Cbl function in T-and B-cells, but also the question of how two such similar proteins can have opposing effects in the same cell type. A similar phenomenon was observed in Jurkat T-cells, where c-Cbl overexpression was found to suppress, while Cbl-b enhanced, TCR-induced activation of NFAT [133] . Thus different phenotypic effects exerted by c-Cbl and Cbl-b do not always reflect relative expression levels; however, the subtleties of these functional differences are yet to be fully understood.
c-Cbl and Cbl-b also appear to differ in the way that their protein levels are regulated. A number of studies suggest that Cbl-b activity, particularly with respect to anergy, is regulated at the level of its protein expression. For example, CD28 and CTLA-4 have opposing roles in modulating T-cell activation thresholds, and stimulation of these receptors leads to degradation or increased expression of Cbl-b expression respectively [134] . Similarly, induction of anergy mediated through calcineurin increases mRNA and protein levels of Cbl-b, as well as other E3 ubiquitin ligases, Itch and GRAIL, that are involved in anergic responses [35, 96] . Consistent with a functional consequence of changes in Cbl-b protein levels, T-cells from Cbl-b −/− and Itch −/− mice are resistant to anergy induction, and CTLA-4 −/− mice also show reduced expression of Cbl-b, which can be restored by inhibition of CD28 activation [134] . Notably, the ability of Cbl-b to negatively regulate PLCγ 1 phosphorylation is only observed in activated/tolerized T-cells where Cbl-b expression is normally induced [35] . Thus Cbl-b expression levels may reset the activation threshold for antigen receptor stimulation in tolerized cells. Interestingly, the HECT E3 ligases, Itch and Nedd4, can also target Cbl-b for ubiquitylation and degradation [45] , suggesting that maintenance of Cbl-b levels is finely balanced in the regulation of anergy.
Cbl-b has also been reported to undergo self-ubiquitylation and degradation upon TCR and CD28 engagement [134, 135] . Thus T-cell activation appears to require the inactivation of Cbl-b, consistent with its role as a negative regulator and modulator of activation threshold. Interestingly, however, prolonged T-cell activation by CD3 or CD3 + CD28 stimulation increases Cbl-b expression [100] , perhaps acting as a novel negative-feedback mechanism. In contrast, no change in c-Cbl levels was observed under the same conditions. Indeed, with the exception of a report showing that EGF-activated Src can induce the tyrosine phosphorylation, ubiquitylation and subsequent degradation of c-Cbl [46] , there is little evidence that c-Cbl function in haemopoietic cells is regulated in a similar manner.
Altering the balance of c-Cbl and Cbl-b protein levels within a cell could also conceivably modulate cellular responses. We have already postulated that T-cell phenotypes of c-Cbl −/− and Cbl-b −/− mice are likely to reflect their relative abundance in thymocytes and peripheral T-cells respectively. It is also interesting to note that microarray analysis of chronic myeloid leukaemia patients showed that responsiveness to the specific Bcr/Abl inhibitor, imatinib, correlated with an approx. 2-fold increase in levels of c-Cbl in peripheral blood [136] . A similar, but smaller, study by Kaneta et al. [137] did not cite changes to c-Cbl, but instead found Cbl-b to be one of the genes that is down-regulated in patients responsive to imatinib. Thus, in both cases, conditions which favour greater expression c-Cbl or reduced Cbl-b expression contribute to a phenotype of drug responsiveness. This is interesting given that c-Cbl and Cbl-b are differentially regulated and form distinctive signalling complexes in Bcr/Abl-transformed cells [138] . Indeed, c-Cbl appears to act as a positive mediator of Bcr/Abl signalling through its ability to interact with CrkL and PI3K, while Cbl-b negatively regulates cell migration of Bcr/Abltransformed cells [138] . In a further example, immunosuppression induced by HIV infection was found to correlate with greatly increased Cbl-b, but not c-Cbl, protein expression in peripheral blood [139] . However, infection with MAIDS (murine AIDS) virus resulted in the downregulation of c-Cbl protein levels in T-and B-lymph node cells, although effects on Cbl-b expression were not examined [140] . Loss of c-Cbl was presumed to be through ubiquitin-mediated degradation processes which are known to be induced upon MAIDS infection. Thus virally induced immunosuppression appears to engage mechanisms which increase the relative abundance of Cbl-b to c-Cbl.
FUTURE DIRECTIONS
Although recent discoveries have provided us with a clearer understanding of many aspects of how Cbl proteins regulate signalling responses, the intricacy of Cbl protein functions still cloud some of our interpretations. These complexities arise primarily from the vast number of proteins that can interact with Cbl proteins [at least 150 according to I. Dikic (personal communication)]. However, exciting new efforts are now being made to accurately reconstruct large-scale signalling networks by providing a framework for the application of mathematical methods to allow quantitative modelling of biochemical events as they occur in time and space [141] . Thus it is hoped that it will soon be possible to account for all the interconnective and functional relationships when analysing a signalling response that is regulated by Cbl proteins.
In future studies, it will also be important to try to utilize the knowledge that has been gained about Cbl protein function, with the aim of harnessing its negative regulatory activities towards disease-causing proteins. This could provide a means to suppress and down-regulate the activity of proteins such as oncogenic PTKs, as well as proteins involved in the development of autoimmune diseases. It is clear that Cbl E3 ligase activity is central to the regulation of many disease-causing proteins, so drugs that could enhance this activity may provide new therapeutic strategies for limiting or counteracting their constitutive signalling capabilities. Thus there may be potential therapeutic benefits by taking an alternative approach of indirectly targeting causative proteins through the enhancement of the natural restraining power of Cbl.
One possible avenue would be to screen for molecules that could mimic the effects of the phosphorylation of Tyr 371 , which, in human c-Cbl, is known to promote constitutive E3 activity, while retaining EGF receptor binding [11] . Thus there may be potential therapeutic benefits by taking an alternative approach of targeting causative proteins through the enhancement of the natural restraining power of Cbl. On the other side of the coin, a recent exciting finding has shown that a correlation exists between high c-Cbl expression and reduced Ron RTK expression in multiple sclerosis patient brains [142] . This is a significant finding since Ron-deficient mice exhibit greater neurological disease severity compared with normal littermates during experimental autoimmune encephalomyelitis [142] . Since Ron is downregulated by c-Cbl-directed ubiquitylation [143] , Ron expression levels could potentially be enhanced in multiple sclerosis patients by the development of small molecules that block E2 interactions with the c-Cbl RING finger domain.
From an experimental point of view, an area that has not been investigated adequately is the role of Cbl proteins in embryonic development. It is clear that Cbl proteins are essential for the survival of complex organisms, yet no studies are available that describe the causes of early embryonic lethality in the c-Cbl/Cblb double knockout mouse. Interestingly, we have found that it is possible to generate Cbl-b −/− /c-Cbl +/− mice at far greater frequencies than mice with a genotype of Cbl-b +/− /c-Cbl −/− . This breeding data suggested that c-Cbl is more essential than Cbl-b for embryonic development, and indeed, over the years, we have always found c-Cbl −/− mice more difficult to breed than Cblb −/− mice. Similarly, we can more readily produce Cbl-b −/− /cCbl +/G304E than Cbl-b +/− /c-Cbl G304E/G304E mice, which suggests further that retention of a functional c-Cbl TKB domain is more critical than Cbl-b function for embryonic survival (C. B. F. Thien and W. Y. Langdon, unpublished work).
As described in a number of the preceding sections, mice deficient for c-Cbl and Cbl-b have been invaluable in demonstrating the important roles played by these proteins in fine-tuning signalling thresholds in thymocytes and T-cells respectively. Analyses of knockout mice have already demonstrated that loss of c-Cbl and Cbl-b result in quite distinct phenotypes, and it is hoped that additional Cbl mutant mice will more adequately reveal the specific roles of c-Cbl and Cbl-b in various cell types. In particular, the generation of a greater range of Cbl knockin mice with well-defined loss-of-function or gain-of-function mutations will be of immense value in testing further many aspects of Cbl function in whole animals. Finally, a greater emphasis on the study of non-haemopoietic cells and tissues from these mice is also likely to be a future direction for testing the many aspects of RTK regulation that have previously only been rigorously studied in vitro. Thus, over the next few years, the analyses of Cbl mutant mice are likely to yield both new and confirmatory findings, with the anticipation of a better understanding of how Cbl proteins orchestrate the functional activity and fate of many partners to produce the desired intensity of a signalling response. 
